Autophagy is a conserved intracellular degradation pathway essential for protein homeostasis, survival and development. Defects in autophagic pathways have been connected to a variety of human diseases, including cancer and neurodegeneration. In the process of macroautophagy, cytoplasmic cargo is enclosed in a double-membrane structure and fused to the lysosome to allow for digestion and recycling of material. Autophagosome formation is primed by the ULK complex, which enables the downstream production of PI(3)P, a key lipid signalling molecule, on the phagophore membrane. The PI(3)P is generated by the PI3 kinase (PI3K) complex, consisting of the core components VPS34, VPS15 and Beclin 1. Beclin 1 is a central player in autophagy and constitutes a molecular platform for the regulation of autophagosome formation and maturation. Post-translational modifications of Beclin 1 affect its stability, interactions and ability to regulate PI3K activity, providing the cell with a plethora of strategies to fine-tune the levels of autophagy. Being such an important regulator, Beclin 1 is a potential target for therapeutic intervention and interfering with the post-translational regulation of Beclin 1 could be one way of manipulating the levels of autophagy. In this review, we provide an overview of the known post-translational modifications of Beclin 1 that govern its role in autophagy and how these modifications are maintained by input from several upstream signalling pathways.
Facts
• Beclin 1 is a core component of the PI3K complex, important for producing PI(3)P on the phagophore membrane in order to recruit downstream autophagy effectors.
• Beclin 1 is a multi-domain protein, with a large interactome that facilitates regulation of autophagy in both a positive and negative manner.
• Post-translational modifications of Beclin 1 affect protein stability, confirmation, activity and its interactome and can be used as a molecular rheostat to fine-tune autophagic activity.
• Targeting Beclin 1 modifiers to regulate Beclin 1 posttranslational modifications could provide a possible therapeutic intervention for upregulating autophagy. 
Open Questions

Introduction
Autophagy is an essential and widely conserved cellular degradation process that plays a crucial role in
Corrected: Author Correction
Edited by F. Pentimalli housekeeping and stress survival. In the process of macroautophagy (henceforth referred to as autophagy), a portion of cytoplasmic content, including proteins and organelles, is sequestered into a double-membrane structure called the phagophore. The phagophore membrane expands to fully enclose its cargo, forming the autophagosome, and the autophagosome is trafficked along microtubules to ultimately fuse with the lysosome [1, 2] . Fusion with this lytic compartment ensures the enzymatic degradation of the cargo and subsequent release of recycled material. Autophagy was initially believed to be a non-selective bulk degradation process, but recent data indicate that it is often selective using specific receptors for cargo recognition [3] . Autophagy has been shown to aid in clearing intracellular aggregateprone proteins underlying neurodegenerative diseases, including Alzheimer and Parkinson disease, and upregulating autophagy induction may be a promising therapeutic approach for these types of diseases [4] .
PI(3)P production on the phagophore membrane
Under normal conditions, cells sustain basal levels of autophagy to maintain homeostasis. In addition, autophagy can be triggered by a variety of stimuli, such as nutrient deprivation, metabolic imbalance, protein aggregation and oxidative stress. The process of autophagosome biogenesis includes three main stages: initiation, nucleation, and expansion of the isolation membrane (Fig. 1) . Key initiating events in autophagosome biogenesis are dictated by the Unc-51-like autophagyactivating kinase (ULK) complex, which consists of ULK1 (or ULK2), ATG13, ATG101 and FIP200 [5] . The ULK complex facilitates the production of phosphatidylinositol-3-phosphate (PI(3)P) by recruiting and activating the kinase VPS34, which is found in the class III PI3 kinase (PI3K) complex together with a number of proteins, including VPS15, ATG14L and Beclin 1, the mammalian orthologue of yeast Atg6 [6] (Fig. 1) . The pool of PI(3)P produced at the site of the phagophore creates a platform for the recruitment of subsequent autophagy machinery effectors, like WIPI family proteins and ATG16L. These effectors facilitate conjugation of ATG8 proteins, such as LC3, to the phagophore membrane, which in turn mediates cargo recruitment, and membrane extension of the phagophore [1, 7, 8] .
The main signalling cues for autophagy initiation converge on PI3K regulation
The early initiation steps of autophagy are regulated by diverse signal-sensing proteins, including four protein kinases: mammalian target of rapamycin complex 1 (mTORC1), ULK1, AMP-activated protein kinase (AMPK), and AKT (Fig. 2) . Nutrient starvation is one of the most studied autophagy inducers and the serine/threonine mTOR kinase plays a major role in sensing nutrient availability [9] [10] [11] . Lack of nutrients, mainly amino acids, triggers an intracellular signalling cascade, which inhibits mTORC1 activity [12] . Upon starvation, inactivated mTORC1 dissociates from ULK1, resulting in dephosphorylation and activation of the ULK1 complex [13, 14] . Activated ULK1 phosphorylates several proteins involved in autophagy initiation and progression, including the ULK complex components ATG13, ATG101 and FIP200 [15] , and downstream effectors like the VPS34, ATG14L, Beclin 1 and AMBRA1 components of the PI3K complex [16] [17] [18] .
Autophagy can also be triggered by low energy conditions through activation of AMPK. AMPK responds to low energy conditions, detected as changes in the ATP-to-ADP or ATP-to-AMP ratios, by inhibiting ATP-consuming anabolic processes and by promoting catabolic processes to restore the proper metabolic balance [19] . Activated AMPK triggers autophagy by coordinated activation of ULK1 and negative regulation of the mTOR kinase [20] [21] [22] . As described in the following sections, AMPK also exerts a direct role in regulating components of the PI3K complex.
Another important input for nutrient status is the presence of extracellular growth factors. The serine threonine kinase AKT (also called protein kinase B (PKB)) is recruited to active growth factor receptors at the plasma membrane, and binding initiates its downstream signalling cascade [23] . AKT phosphorylation activates mTORC1 and inhibits autophagy, and AKT also suppresses autophagy via mTOR-independent pathways by direct phosphorylation of key autophagy proteins, including components of the PI3K complex [24] [25] [26] .
Beclin 1 is a key regulator of autophagy
Beclin 1 was one of the first mammalian autophagy proteins identified [27] , and BECN1 is an essential gene required for embryonic survival and development [28] . BECN1 also functions as a tumour-suppressor gene and has been found to be monoallelically deleted in many cancer types, and Beclin 1 deficiency is also associated with several neurodegenerative diseases [6, [28] [29] [30] [31] [32] . Beclin 1 regulates both autophagosome synthesis and autophagosome maturation, by forming three distinct PI3K complexes together with the core lipid kinase VPS34 and the regulatory component VPS15 [33] [34] [35] . Complex I includes the core proteins together with ATG14L and is involved in autophagy initiation and autophagosome formation, whereas in complex II ATG14L is replaced by UVRAG and this complex regulates autophagosome maturation and endocytosis [33, 36] . In the third PI3K complex, RUBICON interacts with Beclin 1, VPS34 and UVRAG of complex II to inhibit lipid kinase activity and reduce autophagic flux [34, 35, 37] .
Beclin 1 interacts with the PI3K core component VPS34 and lipid membranes via its C-terminal β/α-repeated, autophagy-related (BARA) domain (previously denoted evolutionary conserved domain) [38] [39] [40] (Fig. 3a, b) and binds ATG14L or UVRAG in a mutually exclusive manner via its coiled-coiled domain (CCD) [36] . Additionally, Beclin 1 has an unstructured N-terminal domain, followed by a BCL2-homology-3 (BH3) domain and a flexible helical domain (HD) (Fig. 3a, b) [41, 42] . The many domains of Beclin 1 mediate communications with multiple interaction partners that can alter its conformation and binding accessibility, thus making Beclin 1 an important molecular platform for the regulation of PI3K activity and autophagy [43] . For example, the BH3 domain of Beclin 1 mediates its interaction with the antiapoptotic protein BCL2 and this interaction causes a steric block inhibiting PI3K complex formation [27, 44] . Thus, BCL2 binding to Beclin 1 inhibits autophagy, and nutrient-dependent regulation of this interaction modifies the pool of Beclin 1 molecules available for VPS34 interaction [44, 45] . Another example of how the Beclin 1 interactome can be utilised as a way of fine-tuning autophagic activity is demonstrated by the interaction with AMBRA1. AMBRA1 is a positive regulator of autophagy and competes with BCL2 for binding to the Beclin 1 BH3 domain [46] . Binding of AMBRA1 promotes Beclin 1 interaction with VPS34 and regulates the positioning of the PI3K complex to the site of phagophore formation, thereby mediating autophagy initiation [47, 48] . Consequently, modifications that alter the interaction between Beclin 1 and the PI3K components, or the interaction with AMBRA1 and BCL2, allow cells to modulate autophagic activity in response to a multitude of internal and external cues and could also provide potential targets for pharmaceutical interventions.
The functions of many proteins directly involved in autophagosome biogenesis are regulated by their posttranslational modifications. These modifications include phosphorylation, ubiquitination, acetylation, lipidation and redox regulation. The initiation of autophagy relies on the coordinated spatio-temporal regulation of the levels of Fig. 1 Autophagy initiation depends on ULK1 priming and PI(3)P production. Upon autophagy initiation signals, the ULK1 complex (containing ULK1 or ULK2) activates the PI3K complex, which directs PI (3)P production to a membrane site. The PI(3)P-rich membrane recruits downstream autophagy effectors, like WIPI proteins and ATG16L, which mediates the membrane conjugation of LC3. LC3 then stimulates membrane expansion and cargo recruitment into the forming phagophore. When amino acids are abundant, mTORC1 is active and phosphorylates and inhibits the autophagy-priming complex ULK1. This prevents ULK1 from activating the PI3K complex to initiate PI(3)P production. During amino acid starvation, the inhibitory effect of mTORC1 is released and autophagy can be induced. The presence of growth factors is sensed by the AKT kinase, which activates mTORC1 and inhibits PI3K activity. Cellular energy status can also be detected via the AMP/ATP ratio, where increase in AMP activates the kinase AMPK, which activates autophagy via mTORC1 inhibition, ULK1 activation, and PI3K activation modification of key players constituting the core machinery. In this review, we provide an overview of the known posttranslational modifications of Beclin 1 that govern its role in autophagy, and how these modifications are maintained by inputs from upstream signalling pathways. The modifications of Beclin 1 mentioned in this paper are listed in Table 1 together with information on supporting experimental evidence, and the physiological relevance in terms of effect on autophagy. Post-translational modifications of other autophagy-related proteins are reviewed elsewhere [49] .
Activational phosphorylation of Beclin 1
Phosphorylation is the most intensively studied posttranslational modification in the autophagy process, where a phosphate group is reversibly attached onto serine, threonine or tyrosine residues in the substrate protein [50] . This post-translational modification changes protein conformation and can affect accessibility for interactions and enzymatic activity, and many of the events in autophagy initiation rely on kinase signalling. Upon amino acid depletion, mTORC1 is inactivated and its inhibitory effect on the ULK1 complex is relieved [13] . ULK1 then phosphorylates Beclin 1 on Ser15 (Ser14 in mouse) to induce the activity of ATG14L-containing VPS34 complexes and stimulate autophagy initiation [18] . This phosphorylation site is in the N-terminal domain of Beclin 1 ( Fig. 3a , c; Table 1) , which is dispensable for interaction with the PI3K components. Indeed, mutating the ULK1 phosphorylation site did not affect the Beclin 1 interactions with PI3K components, indicating that this phosphorylation site is important for the regulatory role of Beclin 1 on VPS34 kinase activity, rather than affecting complex assembly [18, 51] .
The activating phosphorylation of Ser15 of Beclin 1 in autophagy initiation is dependent on ATG14L, which acts as an adaptor for recruiting ULK1 to Beclin 1 at the phagophore by binding Beclin 1 and ATG13 of the ULK1 complex [17] . Indeed, expression of a mutant ATG14L (ΔBATS) that binds Beclin 1 but is unable to localise to the phagophore severely compromised ULK1-mediated phosphorylation of Beclin 1 [18, 52] . In addition, the recruitment of Beclin 1 to the phagophore is dependent on ULK1-mediated phosphorylation of AMBRA1 [48] . Thus ULK1-dependent phosphorylation activates autophagy via two steps: Beclin 1 recruitment and activation. ULK1-dependent phosphorylation of Beclin 1 Ser15 is also thought to be important during later steps of autophagosome formation, where UVRAG has been suggested to play a role similar to ATG14L in stimulating ULK1 activity [18] .
The activity of ULK1 is also governed by AMPK, another major nutrient-sensing kinase. During glucose depletion and in low energy states, AMPK phosphorylates ULK1 and stimulates ULK1-dependent autophagy initiation ( Fig. 2) [21] . AMPK also directly phosphorylates Beclin 1 on Ser90 and Ser93 (Ser91 and Ser94 in mouse) ( Table 1 ) [53] . Similar to the activating phosphorylation by ULK1, phosphorylation at these sites do not alter PI3K complex formation or membrane association but rather regulate PI3K kinase activity [39, 54] . Interestingly, AMPK exerts a dual Further details on modifications can be found in Table 1 . c Positions of posttranslational modifications of Beclin 1. Beclin 1 is visualised oriented in the PI3K complex II (in light grey) in a structure model based on the crystal structure of the yeast PI3K complex, with the Beclin 1 homologue Atg6 [113] . Domains important for Beclin 1 interactors are denoted in dashed lines with labels for interactors. The orientation of Beclin 1 in the complex is indicated by denotation of the C-and Nterminals. The N-terminal of Beclin 1 is intrinsically disordered and has no determined crystal structure; therefore, this part is represented only by a grey surface representation without the overlay of a ribbon model. Protein structure downloaded from iCn3D web viewer [114] 
CASP3
Inhibition BAX overexpression, pro-apoptotic compounds, HeLa, SK-N-SH, MEFs [85] regulation of the PI3K activity governed by ATG14L, where AMPK mediates an inhibitory phosphorylation on VPS34 unless ATG14L is present to inhibit this phosphorylation and instead stimulates the activational phosphorylation of Beclin 1 [53] . In vitro studies show that UVRAG might play a similar role in directing AMPK activity to the PI3K complex II, but further investigations of this are required [53] . Remarkably, the regulation of AMPK activity by ATG14L seems independent of phagophore localisation of ATG14L, as phosphorylation was still stimulated by an ATG14L ΔBATS mutant [34, 53] . Consequently, the timing and location of AMPK-mediated phosphorylation of Beclin 1 with respect to autophagy initiation remains unclear. Another study confirmed that AMPK phosphorylates Beclin 1 but identified Thr388 as the target residue [55] . As opposed to Ser90 phosphorylation, this modification affected PI3K complex formation by shifting Beclin 1 affinity, disrupting the Beclin 1-BCL2 interaction and favouring the Beclin 1-VPS34 interaction [55] . While the importance of AMPK phosphorylation for inducing autophagy during glucose-deprivation was evident in the two separate studies, it is not known if and how phosphorylation at the two different sites are co-regulated. In addition, an autophagy-independent role for Beclin 1 phosphorylation by AMPK has been shown, where phosphorylation of Ser90, Ser93 and Ser96 enables Beclin 1 to interact with SLC7A11 and initiate ferroptosis, a type of programmed cell death [56] . Phosphorylation at Ser90 seems to be a key event for Beclin 1 activation and is considered to be the initial event that mediates further phosphorylation at Ser93 [39] . Monophosphorylation at Ser90 is considered sufficient to have an activating effect upon autophagy induction, and this modification appears to be mediated by different kinases, depending on cellular context and tissue type ( Fig. 3; Table 1 ). In addition to AMPK-mediated phosphorylation upon glucose starvation, Ser90 is phosphorylated by the stress-responsive kinases MAPKAPK2/3 upon amino acid starvation, and by death-associated protein kinase 3 (DAPK3) during serum starvation in mouse skeletal muscle tissue [54, 57] . Upon insulin addition, the same site is dephosphorylated by the protein phosphatase 2A (PP2A). When autophagy is induced by treatment with ionomycin, the calcium/calmodulin-dependent protein kinase II (CamKII) phosphorylates Beclin 1 at Ser90 in a manner that increases interaction with VPS34 and activates Beclin 1 via TRAF6-mediated K63-linked ubiquitination [58, 59] . Furthermore, the Ser90 phosphorylation site is located within the BCL2-binding domain of Beclin 1, where phosphorylation and BCL2 binding occurs in a competitive manner, providing another important point of regulation [54, 58] . The importance of the Ser90 phosphorylation site is further emphasised by studies showing Known residues of Beclin 1 targeted for modification, the modifying enzyme and the relevance of that modification in terms of autophagy (activation/inhibition). The table also lists the autophagy-inducing conditions used and what systems/cell models were used to establish the modification of Beclin 1, and whether the modification was confirmed in vitro that this site is important for the tumour-suppression function of Beclin 1 [54] . PI3K activity can also be enhanced by phosphorylation of Beclin 1 Ser30, and this seems to be the preferred mechanism for autophagy activation upon glutamine deprivation and hypoxia in cancer cell lines, where Ser15/ Ser90/Ser96 phosphorylation by ULK1 and AMPK seem less essential [60] . This phosphorylation is accomplished by phosphoglycerate kinase 1 (PGK1) and contributes to cancer cell proliferation during hypoxic conditions. Phosphorylation of Beclin 1 is not only a way to positively regulate autophagy, it can also be used to reduce PI3K activity and decelerate autophagic flux. In the presence of extracellular growth factors, AKT phosphorylates Beclin 1 Ser295 and Ser234 [26] . This phosphorylation bridges Beclin 1 and 14-3-3 proteins and sequesters the protein complex to intermediate filaments, inhibiting the activation of Beclin 1 in nutrient-rich conditions to suppress autophagy.
Phosphorylation regulates the Beclin 1 interactome
Several phosphorylation events can directly affect protein interactions and shift the Beclin 1 interactome to induce or inhibit autophagy. In growth-factor rich conditions, active epidermal growth factor receptor (EGFR) binds Beclin 1, leading to multisite phosphorylation on residues Tyr229, Tyr233 and Tyr352, which decreases the Beclin 1 interaction with VPS34 and increases its interaction with negative regulators, such as RUBICON and BCL2 [61] . Inhibitory phosphorylation of Beclin 1 Tyr233 occurs also during phenylephrine-stimulated repression of autophagy, where focal adhesion kinase (FAK) seems to be the responsible modifier [62] . Another growth factor receptor that regulates autophagy by tyrosine phosphorylation on Beclin 1 was identified in human breast cancer cells [63] . Here the activated human epidermal growth factor receptor 2 (HER2) was shown to bind Beclin 1 and phosphorylate Tyr233, a modification that leads to a decrease in both basal and starvation-induced autophagy [63] . However, the direct phosphorylation of these sites has not been verified in vitro, and therefore the possible involvement of other kinases and regulators cannot be excluded.
As mentioned previously, the antiapoptotic protein BCL2 affects the interaction between Beclin 1 and VPS34 and also sterically hinders accessibility for activating kinases [54, 58] . The interaction between Beclin 1 and BCL2 is itself highly regulated by phosphorylation and can be prevented via direct phosphorylation of the BH3 domain in either Beclin 1 or BCL2 to induce autophagy. Beclin 1 can be phosphorylated at Thr119 by DAPK or Rho kinase 1 (ROCK1) [64, 65] . ROCK1 may also prevent the inhibitory Beclin 1/BCL2 dimer formation upon nutrient stress by activating the c-Jun amino-terminal kinase 1 (JNK1) pathway, where JNK1 phosphorylates BCL2 [65, 66] . However, it is not clear which kinase is directly phosphorylating Thr119 of Beclin 1. There may be differences in this process between cell types and conditions, and it should be noted that Thr119 phosphorylation was not observed upon starvation in an MCF7 cell line [57] . The phosphorylation that inhibits the Beclin 1-BCL2 interaction does not seem to interfere with Beclin 1 binding to AMBRA1, even though this positive autophagy regulator also binds Beclin 1 via the BH3 domain. This might be due to slightly different binding motifs, and it is possible that AMBRA1 interacts with Beclin 1 also via other domains [46] .
Phosphorylation can also stabilise the interaction of Beclin 1 and BCL2 to inhibit autophagy and possibly initiate apoptosis by limiting the amount of free BCL2 that can interact with and inactivate the pro-apoptotic protein BAX [67] . This is the case in cardiomyocytes, where stressinduced mammalian sterile 20-like kinase 1 (MST1) phosphorylates Beclin 1 in its BH3 domain at Thr108, promoting binding of Beclin 1 to BCL2 [68] .
Activational ubiquitination of Beclin 1
Ubiquitination of protein is not only a key regulatory step targeting proteins for degradation but also could alter its localisation or composition and activity of multiprotein complexes. [69] . In the process of ubiquitination, ubiquitin is covalently attached to a lysine residue of a target protein by a cascade of enzymatic reactions involving E1, E2 and E3 enzymes. The action of ubiquitin ligases can be reversed by deubiquitinating enzymes (DUBs), a family of proteases that remove ubiquitin chains from substrate proteins by peptide cleavage.
Beclin 1 is regulated by ubiquitination in numerous ways that affect its stability and function in the autophagy initiation process. The E3 ubiquitin ligase NEDD4 (neuralprecursor-cell-expressed developmentally downregulated 4) was reported to interact with Beclin 1 via a PY-motif located downstream of the BARA domain (aa 349-352), to mediate Beclin 1 ubiquitination and degradation (Fig. 3 , Table 1 ) [70] . Levels of Beclin 1 correlate inversely with the levels of NEDD4, and enhanced expression of NEDD4 results in increased Lys11-and Lys63-linked polyubiquitination of Beclin 1 both in vivo and in vitro, further establishing the role of NEDD4 in Beclin 1 regulation. While the role of NEDD4-mediated Beclin 1 ubiquitination in autophagy was not established in the initial studies, it was assumed that it would inhibit autophagy by promoting Beclin 1 degradation [70] . Controversially, other studies found the opposite to be true, claiming that NEDD4 is a positive regulator of autophagy [71, 72] . The contradictory results suggest that NEDD4 mediates mainly Lys6-and Lys27-linked ubiquitination of Beclin 1, which functions to protect Beclin 1 against Lys48-linked ubiquitination and stabilise protein levels during autophagy induction [71] . This study further showed that NEDD4 also interacts with proteins of the ATG8 family and ULK1, extending the role of NEDD4 in autophagy regulation beyond its modification of Beclin 1.
Lys63-linked polyubiquitination of Beclin 1 has been linked to increased activity of the PI3K complex and is considered to be a modification that positively regulates autophagy. During the inflammatory response in murine macrophage cells stimulated with the Toll-like receptor 4 (TLR4) agonist lipopolysaccharide and interferon-γ, the E3 ligase TRAF6 modifies Beclin 1 with Lys63-linked ubiquitin chains [59] . This post-translational modification occurs on Beclin 1 Lys117, which is strategically located in the BH3 domain of Beclin 1 (Fig. 3a) , and the modification was opposed by the activity of the DUB A20. Both TRAF6 and A20 were shown to bind Beclin 1 and the binding of TRAF6 was mapped to two sites, one in the Beclin 1 Nterminal domain (aa 54-58) and one in the C-terminal BARA domain (aa 297-301). The TRAF6-mediated polyubiquitination of Beclin 1 affected oligomerisation of Beclin 1, inhibiting homodimerisation and promoting complex formation with VPS34, thereby leading to autophagy induction [59, 73] . Additionally, Lys63-linked ubiquitination of Beclin 1 was enhanced by coexpression of the E3 ligase TRIM16, suggesting that this protein might be an additional regulator of Beclin 1 stability [74] . However, a direct interaction was not shown, and it is possible that this effect is mediated indirectly via other E3 ligases.
During mouse embryonic development, Lys63-linked ubiquitination of Beclin 1 is necessary to maintain autophagic flux and ensure embryonic survival [75] . In this scenario, Lys437 is the main target residue and ubiquitination is suggested to be mediated by the DDB1-Cullin 4 E3 ubiquitin ligase complex containing AMBRA1 as the substrate receptor to mediate the interaction with Beclin 1 (Fig. 3a, c, Table 1 ) [75, 76] . The WASH (Wiskott-Aldrich syndrome protein (WASP) and SCAR Homologue) protein was identified as a negative regulator of autophagy by binding Beclin 1 and inhibiting Beclin 1 Lys63-linked ubiquitination to suppress PI3K activity. WASH was shown to bind the central region of Beclin 1, competing with AMBRA1, and this interaction was decreased upon starvation-induced autophagy. Consistently, WASH deficiency increased Beclin 1 Lys63-linked ubiquitination and enhanced autophagy induction in mouse embryos [75] .
A more recent study identified Tripartite motif protein 50 (TRIM50) as another E3 ligase responsible for Beclin 1 Lys63-linked ubiquitination, showing that TRIM50-dependent ubiquitination of Beclin 1 increases during autophagy-inducing conditions, such as starvation or treatment with rapamycin [77] . The ubiquitination of Beclin 1 did not affect interactions with VPS34 but did increase the interactions between the PI3K complex and ULK1, which could account for the activation of autophagy. In addition, TRIM50 activity was dependent on acetylation by the acetyltransferase EP300, placing Beclin 1 activating ubiquitination downstream of regulation governed by acetylation [77] .
The activating effect of Beclin 1 Lys63-linked ubiquitination is counteracted by the DUB USP14 [78] . USP14 interacts directly with the Beclin 1 CCD, and depletion of USP14 or treatment with its inhibitor increases Beclin 1 Lys63-linked ubiquitination and promotes the Beclin 1 interaction with ATG14L and UVRAG but not with VPS34. Thus absence of USP14 increases activation of the VPS34 complex without changing the levels of the key PI3K complex components and promotes both autophagy initiation and autophagosome maturation by enhancing the activity of PI3K complexes I and II. Moreover, USP14 deubiquitinating activity is suggested to be regulated by AKT-mediated phosphorylation, providing evidence for the upstream signalling events governing Beclin 1 ubiquitination [78] .
Ubiquitination and deubiquitination regulate Beclin 1 levels
Beclin 1 is marked for degradation via modification by Lys48-linked ubiquitin. Thus any proteins that increase this modification would be predicted to be negative regulators of autophagy. In macrophages, the E3 ligase RNF216 (ring finger protein 216) was identified as the protein responsible for Beclin 1 degradation [79] , and overexpression of RNF216 was shown inhibit TLR-mediated autophagy induction in bacteria-infected mice, indicating that it is an important regulator of autophagy in the pathogen response [79] .
The CUL3-KLHL20 ubiquitin ligase complex is another E3 ligase that governs autophagy by facilitating degradation of several autophagy proteins during prolonged starvationinduced autophagy [80] . KLHL20 was shown to directly bind and ubiquitinate ULK1, VPS34 and Beclin 1 at the phagophore to promote their degradation and prevent unrestrained autophagic activity during prolonged starvation [80] . Consequently, KLHL20 depletion caused an increase in the amplitude and duration of starvationinduced autophagy and reduced cell survival.
DUBs that remove Lys48-linked ubiquitin chains counteract the degradation signal from E3 ligases and rescue proteins from degradation. USP10 and USP13 were identified as two deubiquitinases that target and stabilise Beclin 1 [81] . Depletion of USP10 and USP13 reduced levels of VPS34, Beclin 1, ATG14L, VPS15 and UVRAG, replicating the effects observed when treating cells with Spautin-1, a compound known to inhibit the two DUBs. Intriguingly, the interaction between Beclin 1 and USP10/USP13 does not only stabilise Beclin 1 levels but also reciprocally stabilises the deubiquitinases. Thus Beclin 1 could be considered a regulator of other USP10 and USP13 targets, one of which is the tumour-suppressor protein p53 [82] . All together, these results provide one mechanism to explain the tumoursuppressor function of Beclin 1 and illustrate that PI3K components can regulate their own levels via feedback control of USP10 and USP13 [81] . Another mechanism that may contribute to the tumour-suppressor properties of Beclin 1, in addition to its role in autophagy, is mediated by the USP9X deubiquitinase, which is another modifier of Beclin 1 [83] . Beclin 1 competes with the antiapoptotic protein MCL1 for binding to USP9X and thus the levels of Beclin 1 and MCL1 are reciprocally regulated, providing cells with a way of upregulating autophagy at the same time as inducing apoptosis to prevent unrestricted cell growth [83] .
Most recently, the deubiquitinase ATAXIN3 was also reported to control Beclin 1 stability upon starvationinduced autophagy [31] . Depletion of ATAXIN3 caused a decrease in autophagy flux as well as a decrease in the Beclin 1 levels. The drop in Beclin 1 levels was correlated with an increase in Lys48-linked ubiquitination and the Lys402 site within Beclin 1 BARA domain was shown to be a major site for ATAXIN3-mediated deubiquitination (Fig. 3, Table 1 ). Furthermore, these proteins were shown to directly interact through Beclin 1 BARA domain and ATAXIN3 polyQ region. Interestingly, this interaction was compromised in the presence of neurodegenerative diseasecausing polyQ-expanded proteins, like mutant huntingtin, resulting in the decrease in Beclin 1 levels and impaired starvation-induced autophagy [31] .
Proteolytic cleavage of Beclin 1
Specific proteolytic events often regulate protein activity and function. Beclin 1 can be regulated by a direct cleavage of its polypeptide chain into fragments, thereby providing additional means for regulating the autophagic response. Beclin 1 cleavage by caspases has been demonstrated and provides a direct link between autophagy and apoptosis [84] [85] [86] . Upon prolonged withdrawal of growth factors, treatment with pro-apoptotic compounds or overexpression of pro-apoptotic BAX, Beclin 1 was cleaved into three major fragments of 50, 37 and 35 kDa [85, 86] . Beclin 1 was specifically cleaved in the presence of Caspase 3, 7 and 8 and the generated fragments resulted from Caspase-3-mediated cleavage after TDVD133 and DQLD149 sites (Fig. 3, Table 1 ). Caspase-generated N-terminal fragments of Beclin 1 relocalise to the nucleus or mitochondria, enhancing cellular apoptotic response [85] [86] [87] . The caspase-3-mediated Beclin 1 cleavage can be inhibited by treatment with spermidine, revealing a neuroprotective effect through restoration of Beclin 1-dependent autophagy [88] . Additionally, Beclin 1 was shown to be a substrate for calpain-mediated cleavage following retinal ischaemic injury in rats, although the exact cleavage site was not identified [89] .
Other post-translational modifications of Beclin 1
Acetylation is an additional important post-translational modification of proteins, and proteomic studies have identified thousands of acetylated proteins in mammalian cells, including Beclin 1, where this modification appears to be an important regulatory mechanism governing Beclin 1 function in autophagosome maturation [90] . Beclin 1 was found to be acetylated at Lys430 and 437 by EP300 and this modification was further shown to promote the binding of Beclin 1 to RUBICON, providing a mechanism for negative regulation of autophagy [90] . Beclin 1 interaction with EP300 and subsequent acetylation is enhanced when Beclin 1 is phosphorylated at Ser409 by CK1γ2 (Casein kinase 1 gamma 2). Finally, Beclin 1 acetylation and its increased interaction with RUBICON was shown to inhibit intracellular trafficking of autophagosomes and endocytic cargo to lysosomes for degradation [90] .
The ubiquitin-like type modifier, ISG15, is one of the major interferon I-stimulated gene products (ISGs) and can be conjugated to the target protein (ISGylation) as part of the antiviral immune response. The ISG-conjugating enzyme, HERC5, and ISG-deconjugating enzyme, USP18, were shown to interact directly with the BH3 domain and CCD of Beclin 1 in cells stimulated with type I interferon [91] . The ISGylation of Beclin 1 was shown to decrease the activity of the PI3K complex by competing with Beclin 1 Lys63 ubiquitination that is essential for Beclin 1 activation, thereby decreasing autophagy response [91] . However, these findings have not been validated in other systems and might correspond to a cell-type-specific response.
The O-Linked β-N-acetylglucosamine (O-GlcNAc) modification is a dynamic, distinct form of protein glycosylation that can occur within the nucleus, cytoplasm or mitochondria as a response to cellular stress. Beclin 1 and BCL2 appear to be targets of O-GlcNAc modification in cardiomyocytes isolated from diabetic mice; however, the impact of this modification on autophagy process remains elusive [92] .
Future perspectives
Post-translational modification of proteins has been revealed as an essential regulatory mechanism for controlling autophagy. By regulating the assembly and activity of the PI3K complex and recruitment of critical autophagy effectors, Beclin 1 has emerged as a critical regulatory node and a possible point for intervention to modify autophagic flux. Pharmacological stimulation of autophagy appears to be desirable, as an increase in autophagy flux has been shown to reduce levels of harmful aggregated protein species involved in neurodegeneration [93] [94] [95] [96] , and targeting Beclin 1 modifications could constitute a way of achieving this. The feasibility of this approach was indicated by mouse model studies where the inhibitory interaction of Beclin 1 and BCL2 was obstructed, and these mice showed signs of increased autophagic flux, increased neuroprotection and extended lifespan [45, 97] . While this study was based on a genetic disruption of the Beclin1-BCL2 complex, other studies are investigating the viability of BH3 mimetics for this approach [98, 99] . Additional studies have developed small peptides to alter Beclin 1 interactions, and these have been proved to be sufficient to regulate autophagy in in vivo settings relevant for disease [63, [100] [101] [102] [103] .
As phosphorylation of Beclin 1 Ser90 seems to be a key event for autophagy activation in many tissues, blocking or inhibiting this modification might provide a conceivable approach for developing an autophagy-modulating drug. Another approach to modify Beclin 1-dependent autophagy could be to alter levels of Beclin 1 by targeting E3 ligases or DUBs [104, 105] . The example of using the DUB inhibitor Spautin-1 have already been mentioned, and as another example, small molecule inhibitors targeting USP14 have been developed and are showing promising results in neuroprotection [81, 106] . However, specific targeting of modifying enzymes can be challenging as enzymes of a particular family often share similar domains and structure. Furthermore, as many enzymes have a wide range of substrates, inhibition may impact other cellular pathways. An alternative approach could be to specifically inhibit certain modifications by developing peptides or small molecules that target a specific site on the substrate, similar to what was recently reported for blocking the phosphorylation of the apoptotic protein BAD [107] .
Future studies of Beclin 1 function are needed to uncover additional layers of regulation by post-translational modifications. There are several post-translational modifications such as methylation, SUMOylation and oxidation that have been identified as regulators of other key autophagy proteins [108] [109] [110] [111] , and prediction tools reveal that Beclin 1 might be a target for several of these modifications [112] . However, it remains to be determined whether any of these predicted sites are utilised in vivo. Another future direction in the research on post-translational regulation of autophagy would be to identify the proteins that are responsible for reversing the modifications, such as phosphatases, DUBs and deacetylases. It also remains to be determined how different modifications might be affecting each other and how regulation might diverge in different tissues and conditions.
